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Orbitofrontal Cortex and Memory Formation
the subcallosal gyrus (Barbas and Blatt, 1995; Carmi-Stephen Frey1 and Michael Petrides
chael and Price, 1995), with their strong connectionsMontreal Neurological Institute
with the medial temporal structures, are ideally situatedMcGill University
to form part of a mnemonic circuit.3801 University Street
Orbitofrontal activity, along with other frontal activity,Montreal, Quebec, H3A 2B4
has been observed in some earlier imaging studies thatCanada
required participants to learn new material (Tulving et al.,
1994; Courtney et al., 1996; Haxby et al., 1996; Wagner et
al., 1998a; Savage et al., 2001). However, these earlierSummary
studies were not designed to address the issue of the
specific involvement of the orbitofrontal cortex in encod-Which one of the many regions of the anatomically
ing. The present study investigated the possible involve-heterogeneous prefrontal cortex is part of the critical
ment of the orbitofrontal cortex and the medial temporalcore of the neural circuit for encoding? This positron
region in four conditions with different encoding de-emission tomography (PET) experiment measured
mands. We predicted that the orbitofrontal cortex wouldchanges in cerebral blood flow (CBF) in normal human
be more active when participants were specifically toldparticipants during the presentation of abstract visual
to encode novel visual information as compared to sim-information in four conditions that varied in their en-
ply viewing novel information or familiar informationcoding demands. As encoding increased across the
without being instructed to encode it. In this study, wedifferent conditions, there was an increase in activity
used positron emission tomography (PET), which pro-in the right orbitofrontal cortex and the right parahip-
vides excellent imaging of the orbitofrontal region. Func-pocampal region. No significant activation peaks were
tional magnetic resonance imaging (fMRI) has provenpresent in any other region of the frontal or temporal
to be problematic when imaging the orbitofrontal regionlobe. These findings indicate that the orbitofrontal cor-
due to magnetic susceptibility-induced signal losses astex, which is massively connected to the medial tem-
a result of the sinus cavities in this area (Ojemann et al.,poral cortex, is a critical frontal region for memory
1997).formation.
Since the study was aimed at revealing the functional
contribution of the orbitofrontal cortex to the encodingIntroduction
of visual information, it was essential to control for exec-
utive processes, such as monitoring and judgements,Patients with lesions restricted to the lateral frontal cor-
known to be subserved by different lateral frontal areastex do not have a generalized memory impairment, al-
(Petrides, 1996). Failing to do so might have led to activa-though memory impairments can be demonstrated in
tions in the lateral frontal areas (e.g., Fletcher et al.,these patients under particular testing conditions (for
1998; Wagner et al., 1998b; Savage et al., 2001), whichreview, see Petrides, 2000). In contrast, patients with
would have made it difficult to disentangle the role ofmedial temporal lobe lesions demonstrate a severe am-
the orbitofrontal cortex in encoding from that of othernesic syndrome (Milner, 1972). Recognition memory def-
frontal activations due to higher order control pro-icits have also been noted in patients with orbitofrontal
cesses. Colorful abstract designs were used as the stim-damage. The evidence, however, is inconclusive be-
ulus material because these stimuli are difficult to ver-cause the lesions were not restricted to these frontal
balize and, therefore, harder for the participants to
cortical regions and the damage most often included,
create semantic associations with them (see Figure 1).
in addition, the basal forebrain region, an area directly
The use of semantic associations when viewing con-
implicated in memory processing (Petrides, 2000). Le- crete visual objects or scenes may result in participants
sions restricted to the orbitofrontal cortex in monkeys, manipulating, organizing, and monitoring the informa-
however, have been shown to cause severe impairments tion, leading to various activations in the lateral frontal
on recognition memory tasks (Meunier et al., 1997), defi- cortex.
cits as severe as those seen after medial temporal le- In the present PET experiment, participants were
sions (Mishkin, 1982; Squire and Zola-Morgan, 1991). scanned under four different encoding conditions. In all
Anatomical tract-tracing studies in the monkey have conditions, the stimuli appeared one at a time in the
demonstrated that the medial temporal region that is middle of a computer screen above the participant in
implicated in recognition memory, namely the entorhi- the PET scanner (see Figure 1). The participants were
nal/perirhinal cortex (Meunier et al., 1993; Suzuki et al., asked not to attach any verbal labels to the stimuli and
1993) and the hippocampal region (Zola et al., 2000), are to view them simply as abstract images. To test the
bi-directionally connected with the orbitofrontal cortex hypothesis that, as the degree of active encoding in-
(Barbas and Blatt, 1995; Carmichael and Price, 1995; creased, activity in the orbitofrontal cortex would in-
Insausti et al., 1987; Lavenex et al., 2002). Orbitofrontal crease, the four test conditions ranged in encoding de-
area 11 which is located rostrally between the lateral and mands from minimal (condition 1) to maximal (condition
medial orbital sulci, as well as area 25 located caudally in 4). In the minimal encoding control condition 1, the parti-
cipants simply viewed three familiar abstract designs
presented one at a time in a random order. In the viewing1Correspondence: stephen@bic.mni.mcgill.ca
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Figure 1. Exemplars of the Abstract Color
Images that Were Used in the Present PET
Experiment
The images were displayed one at a time for
4 s in the middle of the monitor. Depending
on the condition, participants were asked
simply to view or to memorize the material.
The participants were tested for memory of
the stimuli seen after the completion of the
scan. The control condition consisted of three
familiar images that were presented ran-
domly, one at a time, to the participants dur-
ing scanning.
familiar stimuli condition 2, participants were scanned CBF and encoding throughout the brain. The graded
while they viewed 20 familiar images. In the viewing contrast of the PET data was weighted such that regions
novel stimuli condition 3, participants simply viewed 20 of activation represented voxels where CBF increased
stimuli that had not been seen before. No instructions in a graded fashion (from minimal to maximal encoding).
other than to view the stimuli were given to the partici- Significant positive activation peaks representing in-
pants in conditions 1 to 3. In the explicit encoding of creased CBF as the degree of encoding increased
stimuli condition 4, the participants were specifically across the four conditions were observed in the right
instructed to try and memorize the novel stimuli that orbitofrontal area 11 (x  28, y  34, z  23, t  3.72;
were to be presented during the scanning period. After x  19, y  55, z  21, t  3.71) and right area 25
each scanning condition, recognition tests were admin- (x  9, y  12, z  26, t  3.46). It is important to note
istered although the participants were not informed of that these were the only significant peaks within the
this before scanning. entire frontal cortex. Outside the frontal cortex, in-
creased activity across the four different conditions was
Results observed in the right medial temporal lobe in the para-
hippocampal region (x  26, y  38, z  17, t 
Behavioral results showed that the mean correct perfor- 4.51). Increased activity across the four conditions was
mance was 94% in condition 2, 80.6% in condition 3, also observed, bilaterally, in the prestriate visual cortex,
and 87.6% in condition 4. Repeated-measures ANOVA i.e., areas 18/19 (x  24, y  83, z  9, t  7.25; x 
demonstrated a statistically significant difference be- 40, y  64, z  11, t  5.59; x  17, y  83,
tween these three conditions [F(2, 34)  33.11, p  z14, t 6.82; x39, y57, z18, t 5.04).
0.001]. As would be expected, recognition performance The above results were also confirmed with subtrac-
in condition 2 was the best because the participants
tion analyses between conditions. When conditions 2,
had seen the 20 stimuli six times prior to scanning, while
3, and 4 were each compared separately against control
in conditions 3 and 4, the 20 stimuli presented during
condition 1, there was increased activity in the rightscanning were novel (Newman-Keuls test: condition 3
orbitofrontal area 11 and in area 25 in comparison toversus 2, p 0.001; condition 4 versus 2, p 0.001). An
the control condition and there were no increases inimportant comparison here is that between conditions 3
activity in the lateral and medial frontal cortex. Outsideand 4 in which the participants saw 20 novel images
the frontal cortex, these subtraction analyses showedduring scanning. Recognition performance in condition
increased activity in the parahippocampal region of the4, in which the participants were explicitly instructed to
medial temporal lobe in the right hemisphere and bilat-encode, was higher than in condition 3 in which the
eral increases in activity in the prestriate visual cortexparticipants were simply told to view the 20 novel images
(areas 18/19). Furthermore, the comparison condition 4(Newman-Keuls test, p  0.001). Thus, the instruction
(explicit intentional encoding) minus condition 3 (inci-manipulation was successful in leading to better en-
dental encoding due to the simple viewing of novel stim-coding.
uli) demonstrated increased activity in area 11 (x  19,The PET data, shown in Figure 2, were analyzed by
y 61, z19, t 3.16), area 25 (x 0, y 5, z25,correlating CBF across the four conditions that ranged
t  2.97), and the parahippocampal region in the rightin their encoding demands from minimal (condition 1)
hemisphere (x  27, y  33, z  21, t  3.55). Thus,to maximal (condition 4). This was achieved by using a
the individual subtractions confirmed the results of thegraded contrast which compared CBF across the four
encoding conditions, testing for a linear relationship of correlation analyses.
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Figure 2. Merged PET-MRI Sections Illustrating CBF Activations from the Graded Contrast as Encoding Demands Increased across the Four
Encoding Conditions
There were two significant peaks in the right orbitofrontal cortical area 11 (y  55 and y  34) and one peak in the right orbitofrontal cortical
area 25 (y 12). Significant activation was also present in the right parahippocampal region (y38). The location of the different architectonic
areas of the human orbitofrontal cortex is indicated according to a recent architectonic study (Petrides and Pandya, 1994) on a 3D diagram
of the orbitofrontal cortex (bottom left). IOS, intermediate orbital sulcus; LOS, lateral orbital sulcus; MOS, medial orbital sulcus; OLF, olfactory
sulcus; TOS, transverse orbital sulcus.
Discussion When human participants are asked to memorize ma-
terial such as words, visual scenes, or nameable objects,
they will most often attempt to verbalize and use variousThe present experiment demonstrated that as the de-
mands of encoding increase, so does the activation in semantic association strategies to aid in the organiza-
tion and learning of the material. The greater the use oforbitofrontal areas 11 and 25. It is important to note that
no other area within the frontal cortex was significantly these organizational strategies, the better is the recall
of the material (e.g., Craik and Lockhart, 1972). Such anactivated, thus demonstrating in an unambiguous man-
ner the relationship between the orbitofrontal areas 11 approach to the learning of the material will inevitably
involve various executive processes that are known toand 25 and the degree of encoding of new material. As
such, these results are consistent with work in monkeys depend on various areas of the lateral prefrontal cortex.
For instance, the participant may be monitoring the oc-(Bachevalier and Mishkin, 1986; Meunier et al., 1997)
and expand on recent imaging work in humans (Frey currence and re-occurrence of stimuli or their earlier
selections from a set of stimuli within working memory,and Petrides, 2000; Petrides et al., 2002), suggesting
that the orbitofrontal cortex is a critical frontal region processes known to depend on the mid-dorsolateral
prefrontal cortex (Petrides, 1996). The participant mayunderlying memory formation in association with the
medial temporal region. also be making various decisions on the material (e.g.,
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selection, judgment, etc.) that are known to depend on lateral part of the frontal lobe that gives rise to basic
the ventrolateral prefrontal cortex (Petrides, 1996). recognition memory impairments (Meunier et al., 1997)
These extra-encoding processes can certainly aid the comparable to the memory deficits seen after medial
learning of new material, but are not necessary for it temporal lesions (Mishkin, 1982; Squire and Zola-Mor-
and cannot be thought of as being directly related to gan, 1991). The present PET findings are in agreement
the basic encoding process. This may explain why pa- with the results obtained from monkey lesion studies
tients and monkeys with lateral prefrontal lesions can and have therefore succeeded in isolating a core com-
be impaired on tasks that require these extra-encoding ponent of the neural system necessary for memory en-
processes for adequate performance (Petrides, 1996), coding. Taken together with earlier functional neuro-
but do not lead to an amnesic syndrome and do not imaging studies that showed activity in lateral frontal
impair memory tested with basic recognition tasks (for cortex in addition to orbital frontal areas in complex
review, see Petrides, 2000). Earlier functional neuro- learning paradigms, the present results suggest the fol-
imaging studies had compared various encoding condi- lowing view of the orbitofrontal role in memory. The
tions with simpler control conditions, using various orbitofrontal cortex, with its bi-directional connections
types of stimulus material (Tulving et al., 1994; Courtney with the medial temporal region, is in an ideal position
et al., 1996; Haxby et al., 1996; Wagner et al., 1998a; not only to receive input that is being processed in this
for review, see Buckner et al., 1999). In many of those latter region for storage in memory, but also to exert a
studies, no attempt was made to minimize these extra- top-down influence on this processing. What might be
encoding processes, such as monitoring, that are known this influence? At the most basic level, it may simply be
to depend on the lateral frontal cortex (Petrides, 1996). the volitional intention to encode, i.e., the focusing of
Under these circumstances, activations were noted in neural processing related to encoding on a certain type
a large array of prefrontal areas including lateral and of material. This was seen in our present findings. For
orbital areas in imaging studies of learning and, thus, instance, condition 4 in which the participants were ex-
one could not disentangle the areas that were more plicitly instructed to encode the material led to greater
directly related to encoding from areas that were indi- activity in the orbitofrontal cortical region relative to
rectly activated because of the extra-encoding pro- condition 3 in which the intentional encoding was less.
cesses encouraged in the paradigm used. Learning of the material was also better in condition
A recent study by Savage and colleagues (2001) dem- 4 (87.6%) as compared with condition 3 (80.6%). The
onstrated a correlation between left lateral frontal activ- orbitofrontal cortex has strong connections with the var-
ity and the degree of semantic organization across three ious lateral prefrontal cortical regions that subserve vari-
verbal encoding conditions. This study is in agreement ous higher control processes (e.g., monitoring) that can
with the argument made here, namely that lateral frontal be engaged to make meta-encoding contributions in
cortex will be engaged when the organization of seman- complex learning situations. Since these lateral prefron-
tic information is required. In our study, we specifically tal cortical regions do not have strong direct connec-
used nonverbal abstract stimuli that were difficult to tions with the medial temporal region, the orbitofrontal
verbalize in order to exclude any lateral frontal activity cortex may not only be critical for relaying important
related to semantic organization. Furthermore, these im- information to the higher order lateral prefrontal regions,
ages appeared only once during scanning, and only one but also it may mediate the influence of these other
image appeared on the screen for a brief period before meta-encoding processes onto medial temporal pro-
it was succeeded by another one. Under these circum- cessing.
stances, the participants devote the short period of time
during which the complex image is on the screen (4 s) Experimental Procedures
to looking at it and trying to commit it to memory, and
Subjectsthe possibility of organizing the material is virtually elimi-
Eighteen right-handed male volunteers (20 to 34 years old; meannated. Under these conditions, only orbitofrontal area
age, 25.6 years) participated in the present study after the nature11 and area 25 showed activity changes, and activity
and possible risks of the study were explained to them. This studyin these areas correlated with the degree of required was approved by the Ethics Committee of the Montreal Neurological
encoding. No other area of the lateral or medial frontal Institute.
cortex showed such activity. Importantly, outside the
prefrontal cortex, there was only one region in the tem- Experimental Design
In all four conditions, the stimuli were colored abstract designsporal lobe, with activity correlated with the degree of
appearing one at a time for a duration of 4 s in the middle of aencoding, and this was the parahippocampal region of
computer screen above the participant in the PET scanner (seethe medial temporal lobe. This is an interesting finding
Figure 1). Participants were instructed not to attach any verbal labels
because lesion studies in the monkey have shown that to the stimuli and to view them simply as abstract images. The four
it is the medial temporal area that gives rise to severe test conditions ranged in encoding demands from minimal (condi-
recognition memory impairments (Meunier et al., 1993; tion 1) to maximal (condition 4). In the minimal encoding control
Suzuki et al., 1993; Zola et al., 2000). Also, anatomical condition 1, the participants simply viewed three abstract designs
presented one at a time in a random order. These three stimuli hadstudies have shown that orbitofrontal areas 11 and 25
been made very familiar to the participants by presenting them fivehave massive connections with the medial temporal re-
times in a random order prior to the scanning session and 12 timesgion (Insausti et al., 1987; Barbas and Blatt, 1995; Carmi-
before the actual scanning condition in an effort to minimize any
chael and Price, 1995; Lavenex et al., 2002) and strong encoding during scanning. In the viewing familiar stimuli condition
connections with each other (Vogt and Pandya, 1987; 2, participants were scanned while they viewed 20 familiar images.
Barbas and Pandya, 1989). Monkey studies have sug- These 20 images were familiar because they had been seen five
times in random order prior to the scanning session and one addi-gested that it is the orbitofrontal region and not the
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tional time before the actual scanning condition. In the viewing novel (1988) stereotaxic atlas, which is commonly used in the functional
neuroimaging field. However, the human orbital frontal cortex thatstimuli condition 3, participants simply viewed 20 stimuli that had
not been seen before. No instructions other than to view the stimuli Brodmann (1909) referred to globally as area 11 is not cytoarchitec-
tonically homogeneous and has been subdivided by Petrides andwere given to the participants in conditions 1 to 3. In the explicit
encoding of stimuli condition 4, the participants were specifically Pandya (1994) into different architectonic areas that correspond to
areas 14 and 11 of the orbital frontal cortex of the macaque monkeyinstructed to try and memorize the novel stimuli that were to be
presented during the scanning period. Again 20 novel images were (see Figure 2). Area 11 is located anterior to the transverse orbital
sulcus (TOS) and between the rostral parts of the medial orbitalpresented and, as in all other conditions, the number of stimuli to
be presented was not mentioned to the participants. After each sulcus (MOS) and the lateral orbital sulcus (LOS). Area 25 is located
at the caudalmost part of the gyrus rectus.scanning condition, recognition tests were administered although
the participants were not informed of this before scanning.
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